al authors have recommended this surgery in selected patients with persistent cerebral swelling or intractable intracranial hypertension following TBI or SAH. 1, 10, 21, 42, 52, 53, 66, 79 It is hypothesized that the vicious circle of extensive edema caused by elevated ICP, which results in ischemia of neighboring brain tissue and further infarction, may be interrupted by DCH. Experimental studies indicate that DCH may increase CPP and optimize perfusion, thus allowing the functionally compromised but viable brain to survive. 16 Little is known about the metabolic changes that occur in the brain after DCH; therefore, the authors examined how DCH affected cerebral oxygenation when the procedure was performed to treat intractable intracranial hypertension.
Clinical Material and Methods

Patient Population
As part of a prospective observational database at a Level I trauma center, seven consecutive patients who underwent direct brain O 2 monitoring before and after DCH for medically intractable ICP following severe TBI or SAH were studied over a 6-month period. To be included the patients had to have had severe TBI (GCS 68 score Ͻ 8) or poorgrade aneurysmal SAH (Hunt and Hess Grade IV or V and GCS score Ͻ 8). Patients with surgical mass lesions were excluded from this study. The research was approved by the institutional review board of the Hospital of the University of Pennsylvania.
Multimodality Monitoring
Patients were treated in the neurosurgical intensive care unit. A triple-lumen introducer for monitoring brain tissue O 2 , ICP, and brain temperature (Integra NeuroSciences, Plainsboro, NJ) was inserted through a burr hole created in the frontal region of each patient. 39 The monitor was placed on the side of maximal injury or swelling based on findings on the admission CT scan. Heart rate, blood pressure through an arterial line, arterial O 2 saturation, and SjvO 2 also were recorded. All physiological variables were continuously monitored before and after DCH by using a bedside monitor (Component Monitoring System M1046-9090C; Hewlett Packard, Andover, MA).
Management of ICP
Medical management for intracranial hypertension followed a stair-step approach in accordance with published recommendations. 3, 7, 37, 42, 43, 54, 57 Each patient was fully resuscitated, intubated, and, with the head of the bed initially elevated 30˚, provided with mechanical ventilation. Ventilation was adjusted to maintain PCO 2 at approximately 35 mm Hg and PaO 2 at greater than 100 mm Hg. Intravenous morphine or fentanyl was administered and patients received continuous propofol infusion for sedation. An intravenous mannitol bolus was administered when ICP was greater than 20 mm Hg for more than 5 minutes. Neosynephrine was titrated when CPP was less than 65 mm Hg for more than 15 minutes. If no response to mannitol was observed, an external ventricular drainage system was placed and paralysis was induced by administering pancuronium. Additional mannitol was administered if, despite CSF drainage, the ICP remained greater than 20 mm Hg; this was continued until a maximum serum osmolarity of 320 mOsm was measured. Optimized hyperventilation was initiated as a second-tier therapy when sedation, paralysis, osmotherapy, and external ventricular drainage did not reduce the ICP or prevented pressure waves. Hyperventilation was increased to a PaCO 2 of 25 mm Hg while maintaining the SjvO 2 at greater than 50% and brain tissue oxygenation at greater than 25 mm Hg. If hyperventilation was required for longer than 24 hours or failed to reduce the ICP, barbiturates (a bolus followed by continuous infusion) were administered to induce EEG-monitored burst suppression. In each of these patients a Swan-Ganz catheter was inserted and vasopressors were administered to maintain CPP at greater than 65 mm Hg if barbiturate-associated hypotension was present.
Decompressive Hemicraniectomy
Decompressive hemicraniectomy was performed when ICP remained greater than 20 mm Hg, particularly if plateau waves were observed, and there was a progressive decline in cerebral oxygenation, based on brain tissue or SjvO 2 monitoring, or the brain tissue oxygenation was at least 20 mm Hg for more than 15 minutes despite maximal medical management including second-tier therapies (optimized hyperventilation and barbiturates). Transcranial Doppler studies were obtained and patients underwent follow-up CT scanning of the head while they were en route to the operating room. At surgery, a large bone flap with a diameter of at least 12 cm (including the frontal, parietal, and temporal bone, and parts of the occipital squama) was removed so that the floor of the middle cerebral fossa could be exposed. The dura mater was attached to the craniotomy edge to prevent epidural bleeding. The dura was then opened in a cruciate fashion and left widely opened. 64 DuraGen (Integra NeuroSciences) was applied over the dural defect and the bone was not replaced. The temporal muscle was loosely reapproximated and the skin was closed. After the DCH was completed the ICP, brain temperature, and brain tissue monitors were replaced on the same side as the surgery when feasible or else in the opposite frontal region.
Statistical Analysis
For statistical analysis, physiological variables were separated into pre-and post-DCH categories. Data are expressed for the 1-hour interval immediately preceding DCH and for the first 3 hours following DCH as means Ϯ SDs or as the median if the data were not normally distributed. Variables were compared by using the Kruskal-Wallis nonparametric analysis of variance or the chi-square test. Statistical analyses were performed using a commercially available statistical program (InStat for the Macintosh, version 2.03; GraphPad Software, Inc., San Diego, CA). Statistical significance was defined as a probability value lower than 0.05.
Results
Characteristics of Patients
Seven patients, all with an admission GCS score of 6 or lower following TBI (five patients) or SAH (two patients), were studied (Table 1 ). There were two women and five men with a mean age of 30.6 Ϯ 9.7 years. Each patient underwent DCH for persistently elevated ICP that was refractory to medical management. All seven patients had begun to receive optimized hyperventilation as a second-tier therapy for ICP control; four were also receiving barbiturate-induced EEG burst suppression (Cases 1, 2, 5, and 6). Computerized tomography scans of the head obtained before DCH revealed severe cerebral swelling in all patients but no surgical mass lesions. In no patient was there evidence of vasospasm based on findings of a TCD examination. Monitoring of ICP and brain tissue O 2 was performed on the same side as the maximal cerebral swelling observed on the head CT scan and the subsequent DCH in all seven patients.
Relationship Between ICP and DCH
The mean ICP was significantly elevated (26 Ϯ 4 mm Hg) during the hour before DCH despite maximal medical therapy (Table 2 ). In addition, each patient demonstrated progressively more frequent spikes in ICP that were less responsive to treatment before DCH. Fluid resuscitation or vasopressors were required to maintain the CPP (preoperative mean 71 Ϯ 8 mm Hg) ( cluding optimized hyperventilation, barbiturates, and osmotherapy to be withdrawn. The data in Table 2 , except that for Case 3, represent ICP and CPP values measured without the use of barbiturates, osmotherapy, and hyperventilation. The patient in Case 3, however, continued to have refractory increased ICP because of devastating pulmonary and cardiac injuries. He also had severe coagulopathy, which contributed to a contralateral intracranial hematoma. When that intracerebral hematoma was evacuated, the ICP was more easily controlled.
Relationship Between Cerebral Oxygenation and DCH
Brain tissue O 2 was monitored in all patients before and after DCH to determine the effect of DCH on cerebral oxygenation (Table 3 and Fig. 1 ). Before DCH, the mean brain tissue oxygenation was 21.2 Ϯ 13.8 mm Hg (Table 3 and Fig. 1 ). Three patients (Cases 1-3 Fig. 1 and Table 3 ). This improvement in brain tissue O 2 was also observed in the patient who experienced a contralateral intracerebral hematoma and continued to have high ICP until the hematoma was evacuated (Case 3). Improved cerebral oxygenation was observed immediately after surgery and was sustained for the duration of monitoring. Furthermore, as each patient was weaned from treatment, brain tissue oxygenation remained greater than 25 mm Hg. Monitoring of ICP and brain tissue O 2 was continued until both the ICP and brain tissue O 2 were normal for longer than 24 hours without treatment. In two patients (Cases 1 and 2) SjvO 2 was measured, but no clear trend associated with DCH was shown. In both patients SjvO 2 improved less than 10%. Those undergoing DCH early or late in their hospital course showed similarly improved brain tissue O 2 ; the time between admission and surgical intervention did not appear to have an effect on improving the level of brain tissue O 2 . Moreover, whether patients received only hyperventilation or, alternatively, hyperventilation plus barbiturates as a second-tier therapy did not change the effect of DCH on brain tissue O 2 . The relationship between changes in ICP and brain tissue oxygenation is illustrated in Fig.  1 . The change in brain tissue O 2 and the change in ICP following DCH demonstrated only a modest relationship (r 2 = 0.3). No relationship was observed between the change in CPP and the change in brain tissue O 2 , in large part because the vasopressors that were used increased CPP before DCH was performed.
Discussion
The surgical management of intracranial hypertension is directed toward improving cerebral perfusion and preventing ischemic damage and mechanical compression of the brain. In this prospective study of seven patients, we observed that DCH can have significant effects on the injured brain, including a reduction in ICP, an elevation in CPP, and a sustained improvement in cerebral oxygenation.
Methodological Considerations
In this study we obtained information about brain tissue O 2 in consecutive patients in whom brain O 2 was monitored before and after DCH and who were treated in a standard fashion. Despite our methods, there are limitations to the study. First, the sample size is small and thus we cannot comment on patient outcome in general. Nevertheless, the level of brain tissue O 2 may be a useful "surrogate biomarker" to help predict outcome because in several studies an association between the intensity, number, and duration of episodes of cerebral hypoxia and patient outcome has been observed. 14, 38, 60, 61, 70, 71 Consistent with this relationship between brain tissue O 2 and patient outcome, we observed that patients in our study were more likely to have poor outcomes if severe brain hypoxia was present before DCH, whereas patients experienced favorable outcomes if DCH was performed before severe cerebral hypoxia developed. A much larger study will be needed to determine whether DCH has a favorable impact on outcome or whether brain tissue O 2 monitoring can be helpful in selecting those patients with intracranial hypertension who will benefit most from DCH. Second, the study sample includes patients with TBI and SAH, both of which are complex pathophysiological entities. Although there are pathophysiological differences between these conditions, there are also many similarities, particularly increased ICP, cerebral edema, alterations in CBF, and impaired autoregulation. 4, 57 Because all patients in our study had medically intractable intracranial hypertension, cerebral edema but no cerebral infarction or other structural lesion on the head CT scan, and no evidence of vasospasm apparent on TCD studies, the pathophysiological differences between TBI and SAH do not in our view detract from the primary observation of this paper: that DCH significantly improves the level of brain tissue O 2 .
Brain O 2 Monitoring
Cerebral infarction is common among patients who die after TBI or SAH and can be prevented by performing DCH to control ICP. At present, there is no ideal system of monitoring, including ICP monitoring and an estimate of CPP, that can reliably detect cerebral ischemia after TBI or SAH. Furthermore, investigators in clinical studies have demonstrated that cerebral ischemia and infarction can occur in the face of normal ICP and adequate CPP. 36, 72 Because they indicate the relative adequacy of CBF to metabolic demand, jugular bulb and direct brain tissue O 2 monitoring can be used instead of quantitative CBF measurement. 57 There is substantial experience in the use of continuous SjvO 2 monitoring to estimate CBF and also to understand O 2 use. 12, 58 There are many limitations to this method; in particular, it is not a good measure of local or regional abnormalities, and unreliable readings occur in as many as 50% of recordings. 8, 9, 15, 65, 67 Recently it has been possible to measure local brain tissue O 2 continuously. Several converging lines of evidence show that this is a reliable and safe addition to monitoring strategies in the treatment of patients with brain injury. 13, 14, 22, 25, 32, 71 In animal studies it had been shown that continuous measurement of brain tissue O 2 is associated with changes in blood oxygenation and ventilation and variations in ICP and CPP. 38 Clinical experience with brain tissue O 2 monitoring has been predominantly in patients with TBI, but there is now increasing experience in patients with SAH. 14, 31, 32, 44, 72, 74 These various studies demonstrate that cerebral hypoxia is common after severe brain injury and that these episodes of hypoxia sometimes can occur when CPP is normal. In addition, a significant association between the number and intensity of episodes of cerebral hypoxia and a poor outcome is well described. 14, 38, 60, [70] [71] [72] [73] The localized nature of the brain tissue O 2 monitors is regarded as both a virtue and a potential limitation. The local use is important because the greatest metabolic changes are often observed regionally or around contusion sites. 9, 62 In our patients both ICP and brain tissue O 2 monitors were placed on the side of the maximal injury observed on a CT scan of the head; this is also the side on which the DCH was performed. It is conceivable that changes in brain tissue O 2 may occur in other regions of the brain that are not monitored; this is a phenomenon that has been well described for ICP monitoring. It is worth noting, however, that ICP monitors detect hydraulic differences that may be influenced more by variations in the local anatomy, such as in the falx or tentorium, than by the changes in O 2 delivery detected by brain tissue O 2 monitors. When brain tissue O 2 monitoring is performed in undamaged brain areas (that is, the penumbra), the values obtained can also be reliably extrapolated to evaluate global oxygenation even though the probe measures O 2 tension in a small volume of tissue. 5 In our practice we use multiple cerebral (ICP, SjvO 2 , and brain tissue O 2 ) and hemodynamic measures in concert to understand cerebral pathophysiology. 20, 39 These continuous measures can be supplemented by point-in-time blood flow studies such as TCD, Xe-CT, or single-photon emission computerized tomography scanning to assist in the further elucidation of the cause of increased ICP or metabolic alterations in these patients. In this study we observed that continuous monitoring of brain O 2 is safe and may be a useful method to monitor changes in O 2 delivery during the treatment of intracranial hypertension. In particular, we observed that brain tissue O 2 immediately and consistently increased in all patients who underwent DCH for intracranial hypertension. We also observed that monitoring may, in some patients, help guide us to know when DCH is appropriate. For example, although DCH was performed primarily for intractable intracranial hypertension, in three patients it was also performed for newly developed episodes of cerebral hypoxia or a progressive decline in brain O 2 . The remaining four patients all had cerebral hypoxia that had appeared early in their treatment. Whether DCH should be performed in the presence of cerebral hypoxia or when there is a progressive decline in brain tissue O 2 before cerebral hypoxia develops, however, is uncertain. Nevertheless, the resolution of elevated ICP in patients with adequate brain O 2 before DCH may result in a subset of patients who could experience a reasonable recovery and in whom continued aggressive treatment is justified.
Management of ICP and DCH
Increased ICP is a major predictor of mortality and morbidity in patients with TBI or SAH. 24, 28, 30, 41, 47, 50 Therefore, significant effort in neurocritical care is directed at preventing and treating intracranial hypertension. Brain edema and increased ICP can be treated in some patients by using, alone or in combination, medical therapies such as sedation, optimized hyperventilation, osmotherapy, or barbiturate administration. Unfortunately, these treatments may not be effective in some patients and each can produce deleterious effects. 7, 11, 18, 19, 23, 29, 40, 45, 48, 58, 63 For example, the safety and value of hyperventilation in the treatment of intracranial hypertension is still a subject of debate because it can produce excessive arterial vasoconstriction, which may result in cerebral ischemia. Nevertheless, knowledge about cerebral oxygenation or blood flow may limit the potential deleterious consequences or assist us to select a subset of patients who will benefit from hyperventilation therapy. [5] [6] [7] 12, 19, 48, 57, 58, 65 Decompressive surgery to reduce ICP has been advocated for more than 50 years, particularly for cerebellar infarction or massive middle cerebral artery infarction. 17, 33, 55, 56, 64 Considerable debate, however, continues about the usefulness of DCH for intractable intracranial hypertension after TBI or SAH. Whereas DCH can effectively reduce elevated ICP, authors of numerous studies differ on whether the procedure improves overall patient outcome. 17, 33, 49, 52, 53, 55, 56, 64, 66, 79 Furthermore, it is uncertain whether DCH should be reserved for cases in which refractory intracranial hypertension is treated using the traditional stair-step approach to ICP or whether it should be performed in a prophylactic manner before intractable intracranial hypertension develops. One reason for this dilemma is that there is no single reliable system to monitor brain function in sedated or comatose patients who have elevated ICP. Furthermore, the optimal time to perform DCH has not yet been determined. At present only ICP monitoring is used in the majority of patients with brain injury; however, ICP monitoring and a subsequent estimate of CPP may not reflect the cerebral metabolic need of the individual patient. 2, 3, 36, 59 Monitoring of brain tissue O 2 may become an ideal tool to help resolve this dilemma, because O 2 and glucose delivery, among other variables, are known to be important metabolic determinants in the recovery of injured cerebral tissue. Nevertheless, the impact of DCH on many parameters of cerebral metabolism, including brain O 2 , is only beginning to be elucidated. 27 In this study we examined changes in cerebral O 2 associated with DCH. Our results show that DCH is associated with a significant improvement in cerebral oxygenation. Our results are preliminary but provocative and we suggest that additional studies are required to determine whether brain O 2 monitoring can assist the physician in deciding when or in whom DCH should be performed.
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